[1] Radiative forcing associated with land use change is largely derived from global circulation models (GCM), and the accuracy of these estimates depends on the robustness of the vegetation characterization used in the GCMs. In this study, we use observations from the Clouds and Earth's Radiant Energy System (CERES) instrument on board the Terra satellite to report top-of-the-atmosphere (TOA) radiative forcing values associated with clearing of native vegetation for agricultural purposes in southwest Australia. Over agricultural areas, observations show consistently higher shortwave fluxes at the TOA compared to native vegetation, especially during the time period between harvest and planting. Estimates using CERES observations show that over a specific area originally covered by native vegetation, replacement of half the area by croplands results in a diurnally averaged shortwave radiative forcing of approximately À7 W m
Introduction
[2] In the past three decades, there has been considerable research into understanding and quantifying anthropogenic influences on Earth's climate. Of significant interest is the impact of steady increases in the concentrations of absorbing trace gases in the atmosphere, especially carbon dioxide, resulting in a reduction in the net outgoing longwave radiation from the Earth-atmosphere system and thereby leading to an increase in surface temperatures. However, there are other effects that have the potential to amplify or mask this warming. Positive feedback effects, such as an increase in atmospheric water vapor, result in increased surface temperatures, while negative feedback effects, such as increases in low-level cloudiness and aerosols from natural and anthropogenic influences, lead to reductions in surface temperatures [Hansen et al., 1998 ; Committee on Radiative Forcing Effects on Climate Change, 2005] .
[3] Radiative forcing, the change in the net outgoing flux in response to a perturbation to the climate system, is a concept that is useful for comparing the relative importance of the different mechanisms that affect climate change [Houghton et al., 1995; Betts, 2001] . A significant amount of research has been devoted to estimate the magnitude of radiative forcing associated with anthropogenic perturbations in atmospheric greenhouse gases, aerosols and highlevel clouds. However, land surface characteristics also have been subject to drastic changes [e.g., Klein Goldewijk, 2001] . Because of the demand for forest products, tropical deforestation has proceeded quite rapidly, with the low albedo forests replaced by pastures and croplands of relatively higher albedo, thereby leading to changes in radiative forcing [Nobre et al., 2004] .
[4] Radiative forcing associated with human-induced land use change has been derived largely from General Circulation Model (GCM) simulations. Hansen et al. [1998] used climate simulations for preindustrial and current land use scenarios, from which they estimated a radiative forcing of À0.21 W m À2 and a global reduction in surface temperature of 0.14 K. Recently, Betts [2001] conducted 20-year climate simulations for preindustrial and current land use scenarios using the Hadley Center General Circulation model (HadAM3) at 3.5°longitude and 2.5°latitude resolutions. A radiative forcing of À0.2 W m À2 was reported, with an annual mean global temperature decrease of about 0.02 K.
[5] The estimates of radiative forcing derived from GCM simulations by Hansen et al. [1998] and Betts [2001] are subject to assumptions made about the land cover distribution, temporal variations in albedo for various types of vegetation, and modulating influences such as grid spacing, snow cover and soil moisture. Indeed, Hansen et al. [1998] assumed that the albedo of croplands is similar to that of grasslands, and that the albedo for regrowth in formerly deforested tropical forests is comparable to that of woodlands. However, cropland albedo may be significantly different from grassland albedo, depending on the type of cultivation. For example Gao et al. [2005] reported global average minimum and maximum broadband albedo values of (0.159, 0.327) for grasslands and (0.131,0.231) for croplands, respectively. The albedos vary seasonally because of land management practices with crops and are associated with the phenology of the natural grasslands. The albedo of regrowth in deforested tropical areas can attain values characteristic of undisturbed conditions in relatively short timescales [Bruijnzeel, 2004] . The Betts [2001] simulations resolved only human-induced land surface changes that cover an area 25% or more of each grid cell, and snow cover significantly impacts the albedo of croplands compared to forested areas. Hence, for the same type of vegetation, different albedos are prescribed for snowy and snow-free conditions [Hansen et al., 1998; Betts, 2001] . Furthermore, bare soil albedo is a function of soil moisture in GCMs, and parameterized precipitation processes have a significant modulation effect on the radiative forcing estimates derived from the GCMs.
[6] To our knowledge, there are very few observational estimates of radiative forcing associated with land use change [Myhre et al., 2005] . The level of scientific understanding is listed as ''very low.'' The uncertainties in the albedo change reflect the complexity of the land surface (e.g., type of vegetation, phenology, density of coverage, soil color). When aggregating regional information about land surface with these uncertainties up to the global scale, large global average uncertainty ranges still result as there is no reason to expect these uncertainties are random across landscape types. A recent assessment of the radiative impact of albedo change estimates a range of À0.6 to 0.5 W m
À2
, with the negative values being more likely [Myhre and Myhre, 2003] .
[7] Satellite observations provide an ideal tool to diagnose radiative forcing due to land use changes, but deriving global estimates from this source is limited since the observations do not extend prior to the 1970s. Nevertheless, it is possible to obtain regional estimates over areas where sizable, adjacent tracts of natural and altered landscapes exist. One example is southwest Australia, where 13 million hectares of native vegetation has been cleared to make way for agriculture. It offers the opportunity to obtain observational estimates of radiative forcing caused by land use that is comparable to the simulations of Betts [2001] and Hansen et al. [1998] .
Data and Area of Study
[8] The Single Satellite Footprint (SSF) product, which includes the TOA and surface fluxes along with cloud information (version 2B) derived from the Clouds and Earth's Radiant Energy System (CERES) instrument [Wielicki et al., 1996] , is utilized in this study. The CERES instrument makes broadband measurements of TOA radiances at 0.3 to >50 mm, 0.3-5 mm (shortwave) and 8 -12 mm (longwave), all at 20 km nadir spatial resolution. The SSF data set is derived by combining instantaneous CERES sensor observations with information from the Moderate Resolution Imaging Spectroradiometer (MODIS). The broadband radiances are converted to TOA fluxes using empirical angular models . Cloudiness information from the MODIS sensor in the SSF data set is used to identify CERES footprints for clear conditions, while the International Geosphere-Biosphere Program (IGBP) ecosystem database [Prince et al., 1995] is used determine associated land use types. The SSF data used in this study is for the time period 2000 -2003, obtained from the CERES instrument aboard the Terra satellite.
[9] The area of interest in Southwest Australia is between 31-33.5°S and 117.625 -121.375°E (Figure 1 ). This region has experienced drastic changes in land use in the past few decades, with approximately thirteen million hectares of native vegetation in this region being replaced by wintergrowing agricultural species. A 750 km long vermin-proof fence demarcates the croplands in the west from the native vegetation to the east, and this boundary is conspicuous even in medium resolution satellite imagery because of the stark difference in albedo between the croplands and native vegetation ( Figure 1 ). Land use changes in the study area, of the type discussed in this paper, should be expected to occur with respect to future land use changes around the globe, whenever the replacement of native vegetation cover by croplands or urban development occurs [Australia Conservation Foundation, 2001] .
[10] The present study focuses on an area that is approximately covered by equal proportions of native vegetation and croplands. The size of this area is about the same as the grid cell in the numerical simulations by Betts [2001] .
Methodology
[11] We examine the seasonal variation of TOA cloudfree diurnally averaged shortwave radiative forcing due to anthropogenic land use change using the CERES SSF observations. The data at the time of the satellite overpass (called instantaneous) is used in this study, and these values are converted to diurnal average values, as described in section 4.1. The IGBP ecosystem information provided in the SSF data set is used to isolate CERES footprints in the study area that are located over agriculture and native vegetation. The native vegetation and agricultural areas are classified as Croplands and Woody Savanna, respectively, in the IGBP classification method. The cloud mask flag derived from MODIS in the SSF data set then is used to discriminate between clear and cloudy CERES footprints. The monthly mean upwelling shortwave, longwave and net radiative fluxes at the TOA and the surface then are computed for clear-sky conditions as a function of land use for the time period of 2000 -2003.
[12] The CERES and MODIS observations are obtained during the time of the satellite overpass which is approximately at 1030 local time. However, to compare these results to other studies, diurnal averaging is needed. We define the ratio between the diurnally averaged flux and instantaneous flux as a scaling factor a a m obs ð Þ¼
where F(m) is upwelling solar flux at the TOA when the cosine of solar zenith angle is equal to m; m sunset , m sunrise , and m obs , are the cosine of solar zenith angles at sun rise, sun set and CERES observation time, respectively. The time is expressed in terms of m; thus 24 hours are equivalent to a value of 2 in cosine coordinates.
[13] In this study, we use a delta four-stream radiative transfer model (hereafter d-4S RTM) to compute the F(m) and the scaling factor a. The d-4S RTM is a plane-parallel broadband radiative transfer model, originally designed to calculate the radiative flux at the TOA and the surface in clear and cloudy conditions [Fu and Liou, 1993] , that was later modified for calculation of radiative effect of aerosols, such as smoke [Christopher et al., 2000] and dust [Wang et al., 2004] . The model divides the shortwave (SW) spectrum (0.2 $ 4 mm) into 6 bands and the longwave (LW) spectrum (4 $ 35.7 mm) into 12 bands. To treat the radiative transfer accurately, the d-4S RTM uses a d-function to better represent the phase function in the forward scattering direction [Liou et al., 1988] . Rayleigh scattering, together with gas absorption and water vapor absorption (using the correlated k-distribution method), are included in the model calculations. For the principal atmospheric gases, the difference between the d-4S RTM and line-by-line irradiance calculations is within 0.05% [Fu and Liou, 1993] . Our recent studies indicate an excellent agreement between calculated and observed downward shortwave irradiances at the surface, with differences of less than 3% when aerosol effects are carefully considered in the calculations Christopher et al., 2003] . While calculating F(m) and a, we used the CERES surface spectral reflectance (R s ) of woody savanna and croplands outlined by Charlock et al. [1997] . On the basis of the latitude and longitude in the study region, the variations of m sunset and m sunrise as a function of time also are considered in the calculations. Given the solar zenith angle (m obs ) at the satellite-observation time, the scaling factor a(m obs ) is calculated using equation (1) values for both ecosystems are observed during the months of January and June, which are the southern hemisphere summer and winter months, respectively. The seasonal variations of upwelling shortwave fluxes at the TOA are governed both by changes in surface albedo and solar declination. Previous studies [Ray et al., 2003 ] suggest that there is significantly less seasonal variation in surface albedo over the native vegetation areas compared to croplands. Analysis of Normalized Difference Vegetation Index (NDVI), a satellite-derived indicator of surface vegetation, shows relatively constant values over native vegetation areas, while varying by a factor of 2 over agricultural areas [Ray et al., 2003] . In agricultural areas, crops that are planted in April become mature during the months of August -October and are harvested between November -December. The seasonal variations in instantaneous upwelling shortwave fluxes at the TOA reflect these differences between agricultural and native vegetation areas. Throughout the annual cycle, the upwelling shortwave fluxes are higher over the agricultural areas compared to native vegetation, with the smallest differences found during the early growing season month (July) with a value of 35.5 W m À2 (Figure 3 ). During the mature growth stage of the crops, spanning August -October, differences in upwelling shortwave fluxes remain relatively constant, about 50 W m À2 (Figure 3 ). During November, the differences in instantaneous fluxes increase to about 60 W m À2 in response to the drying of the crops and the onset of harvesting. In response to exposing bare soil following harvest the differences reach a maximum of 94.6 W m À2 in December. After harvest, the differences decrease to a value of approximately 70 W m À2 and then remain nearly constant until April after which they steadily decrease until July. 
Seasonal Variations in Cloud-Free Sky Upwelling Longwave Fluxes at the TOA
[15] Seasonal differences in cloud-free upwelling longwave fluxes at the TOA between native vegetation and croplands (Figure 2 ) are relatively small. During the growing season months ranging from July -October, the upwelling longwave fluxes at the TOA are higher over the agricultural areas. The maximum differences during the growing season occur in July and then progressively decrease, reaching an almost zero value by October. The upwelling longwave fluxes at the TOA become higher over agricultural areas by about 12 W m À2 after harvest in December and then remain approximately constant over both ecosystems until April, when they again become higher over agricultural areas. Seasonal variations in land surface temperatures (LST) of the agricultural and native vegetation areas (Figure 4) suggest that the differences in land use do not play an important role in determining the upwelling longwave at the TOA. Note that the differences in upwelling longwave at TOA is maximum during the April -July time period, but the differences in surface temperature is least during this period with the exception of the month of April.
[16] The seasonal variation of cloud-free instantaneous net radiative fluxes at the TOA (not shown) is primarily governed by seasonal variations in upwelling shortwave fluxes at the TOA. The instantaneous net radiative fluxes at the TOA are consistently higher over native vegetation areas throughout the year (not shown). Differences in net radiative fluxes are relatively constant during the agricultural growing season and then increase after harvest. Note that even though the net fluxes at the TOA are higher over native vegetation areas, especially after harvest, the average LST values over the native vegetation areas are smaller compared to cropland values (Figure 4 ). This is due to differences in turbulent transfer of heat and moisture from the land surface [Smith et al., 1992] . Owing to higher roughness over native vegetation areas, the boundary layer turbulent heat and moisture transport is more efficient. In addition, transpiration from vegetation leads to utilization of a part of the incoming shortwave for evaporation of water in the native vegetation area, while most of it is utilized for heating the land surface in the bare agricultural areas. During the mature stages of crop growth, the LSTs over croplands are slightly smaller compared to native vegetation areas. This could be due to more efficient transpiration by crop species in the mature stages of their growth. , respectively. The mean annual shortwave radiative forcing resulting from the land use change (DF landuse ) is computed as a function of the fractional area of native vegetation replaced by the croplands (f crop ), using the following expression:
The mean annual shortwave radiative forcing varies from À1.4 W m À2 to À13.9 W m À2 for values of f crop ranging from 0.1 to 1 (Table 1 ). In the study area, which was originally completely covered by native vegetation, approximately half of the area has been cleared for agricultural purposes. Using a value of 0.5 for f crop , the mean annual shortwave radiative forcing due to land use change in the study area is 
À7.0 W m

À2
. In the GCM used by Hansen et al. [1998] the grid cell, with a center location of 30°S, 117.5°E and extending 4°Â 5°in latitude and longitude, respectively, straddles the agricultural and native vegetation area in southwest Australia (Figure 1 ). On the basis of the IGBP land use data set, 30% of this grid cell is made up of land use types that are associated with anthropogenic activities. The GCM derived estimate of net radiative forcing for this grid cell is À2.038 W m À2 which is a factor of 2 less than the mean annual shortwave forcing of À4.2 W m À2 estimated for f crop = 0.3. Note that when comparing the net radiative forcing reported by Hansen et al. [1998] against the observational estimate of shortwave radiative forcing, it is assumed that the net radiative forcing is dominated by the shortwave component. The discussion in section 4.2, showing that the land use differences do not significantly impact the top-of-the-atmosphere longwave fluxes, supports this assumption. Betts [2001] reports GCM-derived shortwave radiative forcing estimates in the range of À1 to À2 W m
. The approximate location of the grid cell from the Betts [2001] study is shown in Figure 1 . The f crop value for this grid cell exceeds 0.3, and thus the GCM estimated range is at least 2 times less than the CERES estimated value of À4.2 W m
. Comparisons with observational estimates over the study area show that the GCM computations significantly underestimate the shortwave radiative forcing due to land use change.
Uncertainty Analysis
[18] The accuracy of our results presented here relies on the uncertainties in CERES instantaneous fluxes, F CERES , as well as the scaling factor a used for converting F CERES into diurnally averaged values of F. On the basis of CERES radiance measurements, the regional instantaneous TOA fluxes in cloud-free sky conditions are estimated to be <8.7 W m À2 in the SW and <2.4 W m À2 in the LW [cf. Loeb et al., 2003, Table 2 ]. The monthly averages of instantaneous TOA SW and LW fluxes both have an uncertainty less than 2 W m À2 [Loeb et al., 2003, Table 6 ], and the uncertainties in seasonal or annual flux averages are less than 1 W m À2 [Wielicki et al., 2005] . It should be noted, however, the averages of instantaneous fluxes cannot be directly used to derive the actual radiative energy budget, unless the diurnal variation of fluxes or diurnal scaling factor showed in equation (1) is taken into account. Since all values (including F(m obs )) in equation (1) are computed from the d-4S RTM, the numerator and denominator have the same systemic errors, and when the ratio a is calculated, those errors largely cancel. As a result, the uncertainties of solar zenith on atmospheric optical conditions (e.g., air mass or Rayleigh optical thickness change as a function of m), which is one of the difficulties in converting F CERES to the diurnally averaged values, are minimized. Our sensitivity analysis shows that a ±10% change in surface albedo used in the d-4S RTM leads to changes in the scaling factor of ±1%. If we assume the mean F CERES to be 150 W m À2 , the total uncertainties (from scaling factor and other uncertainties) in our analysis are less than ±1.5 W m À2 , values smaller than the differences found between the observationbased and GCM-calculated land use forcing.
Summary
[19] Radiative forcing associated with human-induced land use changes is not well understood, and the estimates that were used in the 2001 Intergovernmental Panel on Climate Change (IPCC) were derived from numerical models. This study examines the seasonal variation of the TOA radiative fluxes as a function of land use in the southwest Australian region, a site in which large tracts of native vegetation have been cleared for agricultural purposes. The annual cycle of shortwave fluxes at the TOA show significant differences between native vegetation areas and croplands, especially during the time period between harvest and planting. However, instantaneous longwave fluxes at the TOA do not differ significantly. Comparison of annual mean diurnally averaged shortwave fluxes estimated from CERES observations and GCM simulations [Hansen et al., 1998; Betts, 2001] show significant differences (À4 W m À2 versus À2 W m À2 ) over southwest Australia. Observational estimates are more than twice the model-derived values over this region even when observational uncertainties are taken into account. Betts [2001] and Hansen et al. [1998] both report that the radiative forcing due to land use change is most significant in the midlatitude agricultural areas that experience snowfall, which accentuates the albedo effect associated conversion of forests to farm lands. The present analysis suggests that shortwave radiative forcing associated with agricultural land use may be significant even in areas without frequent snow cover. Previous studies by Ray et al. [2003] over southwest Australia, however, show that clouds tend to form more over native vegetation and thus may partially offset the direct forcing as a negative feedback.
[20] The differences in CERES observed and GCMderived estimates of radiative forcing may be due to (1) the use of incorrect land use change scenarios and (2) inadequate prescription of the seasonal cycle of variations in cropland vegetation characteristics within GCMs. The majority of the numerical models use a single predefined temporal behavior for vegetation characteristics, such as fractional vegetation cover and leaf area index associated with a particular land use category. While such specification may be adequate for natural vegetation, the temporal behavior of vegetative characteristics associated with agricultural crops may differ drastically depending upon the types of crop, geographic area and agricultural practices. For example in southwest Australia the fields remain bare during the summer and early fall since the crops are winter rain fed. However, in other geographical areas with longer growing seasons and higher water availability, the fields may remain barren for much shorter periods of time. Vegetation parameterizations in regional and global weather and climate models need to account for these types of differences in order to better represent the surface radiative energy budget over land areas altered by human activity.
